The share of intermittent renewable electricity (IRE) in the future urban electricity system is expected to increase significantly. Sufficient back-up capacity is needed in the period when IRE output is low. Bioenergy is both dispatchable and carbon-neutral, and can hence be a promising option to back up IRE. The objective of this study is to explore the potential of urban waste biomass in backing up IRE in an urban electricity system. An urban electricity system model is developed to project future electricity generation configurations. Given the projected electricity generation configuration, the potential demand for bioenergy as back-up capacity is estimated by simulating hourly electricity demand and the supply of IRE for a whole year. The estimated potential demand for bioenergy is then compared with the potential supply of bioenergy from the urban waste stream. We apply our model using data for the city of Amsterdam, the Netherlands. The complementarity of wind and solar energy is found to reduce the demand for back-up capacity from bioenergy. An extreme weather day with hardly any wind and solar energy supply requires about 2800 tonne waste biomass per day in an emission reduction scenario and 1300 tonne waste biomass per day in a renewable energy quota scenario, respectively. The average daily waste biomass generated in the city is about 1400 tonne. Bioenergy storage as a buffer is found to be necessary due to the monthly fluctuations in both the supply and demand of waste biomass.
Introduction
The Paris Agreement set a target of achieving a global net-zero carbon economy within this century [1] . The transition of urban electricity systems, as part of the low-carbon city development, is essential in cutting carbon emissions, since cities account for 75% of global energy consumption and 80% of global greenhouse gas (GHG) emissions [2] . An urban electricity system can be defined as a system that combines different processes of electricity production to meet the electricity demand of a given urban area [3, 4] . Megacities in the world are leading the transition and taking actions to reduce GHG emissions (e.g. the formation of C40 Cities, which is a network of the world's megacities taking actions to reduce the emissions), to achieve sustainability, self-sufficiency and climate-resilience. The share of intermittent renewable energy (IRE) is expected to increase significantly in a decarbonized urban electricity system. The consequence is that in the period when the IRE output is low, sufficient back-up capacity is required to meet the demand. According to [5] , the increasing penetration of intermittent renewable energy will lead to an increasing demand for grid balance. Flexible bioenergy supply has the potential to contribute to grid balance and decarbonization considering its advantages in being both dispatchable and carbon-neutral [6] [7] [8] .
An open question is how much bioenergy will be required as backup capacity in the future electricity system of cities. It is of high interest to answer this question in order to make robust energy policies and strategies. The future demand for flexible bioenergy will be affected by renewable energy policy measures. Currently, in some regions inconsistency between the renewable energy policy ambitions and biomass availability exists [9] . Furthermore, strategies for securing a sustainable biomass supply are absent from most national strategies [10] . A related question is how much back-up capacity can be obtained from the urban waste stream. There is an increasing interest in developing biomass feedstock from the urban waste stream to avoid the food versus fuel trade-off [11] and the sustainability disputes of first generation bioenergy [12, 13] . Furthermore, using biomass from the waste stream for electricity generation can contribute to more effective urban waste management. In this paper, biomass feedstock from the waste stream will be addressed as "waste biomass". Waste biomass in cities includes the organic part of municipal solid wastes, urban green residues, food processing wastes and manures.
The objective of this paper is to develop a framework to assess the low-carbon electricity system for cities and the potential role of waste biomass in backing up intermittent renewable energy. We apply the framework using data for the city of Amsterdam, the Netherlands. The research questions studied in this paper include: (1) What are lowcarbon electricity generation configurations in Amsterdam in 2050? (2) What is the required back-up capacity in the urban electricity system for these low-carbon scenarios? (3) How much of this back-up capacity can be obtained from the urban waste stream in the city?
This paper contributes to the biomass and bioenergy literature by using an energy system modelling approach to provide insights into the potential of bioenergy from urban waste streams in balancing the future electricity system. The novelty added is the focus on the city level, and the linking of demand for bioenergy to the biomass availability in the urban waste stream. The methodological framework and analysis can support policy-makers in cities in making robust policies and strategies and in avoiding inconsistencies between urban bioenergy policy ambitions and local biomass availability.
From the biomass resource availability perspective, a number of studies have estimated the bioenergy potential at the global level [14] [15] [16] [17] ; the regional level, such as the EU [18] ; or the national level [19] [20] [21] . Only a few focused on the city level [22] [23] [24] . The link to the demand for bioenergy from the urban electricity system has not yet been studied. The potential of bioenergy has been analysed using a costsupply analysis [25, 26] or an energy system modelling approach [27] [28] [29] at regional level (e.g. the EU) or national level. To the best knowledge of the authors, no study has investigated the bioenergy potential from the waste stream on a city level using an energy system modelling approach.
The rest of this paper is structured as follows: Section 2 introduces the research method. Section 3 gives an overview of the data required and introduces the case study of Amsterdam. Sections 4 and 5 introduce the model scenarios and present results. Section 6 and section 7 give the discussion and the conclusions, respectively. Fig. 1 shows an overview of the methodological framework. First, a cost minimization electricity system model is developed to project the future electricity generation configuration for cities. The structure of the developed model shows strong similarities to other long-term energy system investment models such as MARKAL [30] , HOMER [31] , Balmorel [32] , and LIMES-EU [33] . Our model can be applied for the questions at stake because it focuses on cost minimization from a social planner's perspective. It has limitations because the setting of energy provision in Amsterdam, and in cities in general, is currently much more complex than the setting of the model. Despite this, our paper contributes to understanding the potential role of biomass in the energy system. Our model adds the vintage concept to indicate the effect of embodied and disembodied learning on the cost parameters of the electricity generation technologies. The learning effect is given exogenously in the model. Second, three scenarios are developed to analyse the effects of different climate and energy policy goals on future electricity generation configurations with our electricity system model. A detailed introduction of the scenarios is presented in section 4.
Methodology

Methodological framework
Third, given the projected electricity generation configurations, the daily demand for bioenergy as back-up capacity for extreme weather days is estimated by simulating the hourly electricity demand and hourly supply of intermittent renewable energy in the future, using data for the city of Amsterdam, the Netherlands. Similarly, the annual demand for bioenergy as back-up capacity is estimated by simulating the hourly electricity demand and the supply of intermittent renewable energy for a whole year.
Finally, waste biomass flow data have been collected for the city of Amsterdam. We use the higher heating value (HHV) to calculate the bioenergy supply potential from the urban waste stream. The estimated potential demand for bioenergy is then compared with the bioenergy supply potential from the urban waste stream.
Model description
The urban electricity system model generates the optimal electricity technology investment and generation configuration by minimizing the urban electricity system cost. The system cost includes the investment cost, operation and maintenance cost, fuel cost, and the trade cost of importing and exporting electricity. We assume that the salvage value of the energy generation infrastructure can offset the dismantling cost of the old power plants. Therefore, the decommissioning cost is not Fig. 1 . Overview of the methodological framework.
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Biomass and Bioenergy 107 (2017) [182] [183] [184] [185] [186] [187] [188] [189] [190] explicitly considered in this paper. The spatial heterogeneity of the investment cost within the city of Amsterdam is taken into account to allow for location-dependent investment decisions, therefore, the city is divided into several districts to reflect spatial heterogeneity. The investment and generation decisions are based on perfect foresight. Transmission and distribution costs between the districts, however, are ignored. The constraints of the model include the electricity supply and demand balance, the electricity generation capacity constraint and the environmental policy constraint reflected in the scenarios. The dynamics of the electricity demand and the fluctuations of the wind and solar electricity generation are reflected in the model by using a time slices approach, where one year is divided into four seasons. A representative day of each season is selected and then divided into six time slices to take the daily temporal dynamics into consideration. Electricity supply and demand should balance at each point in time. The time horizon for the evaluation is set from 2010 through 2050. To avoid an end-of-time-horizon effect, the model planning horizon is extended to 2150. The investment and model time step is 5 years. The investment in each period occurs at the beginning with the resulting installed capacity available throughout the entire period. The model has been written in the General Algebraic Modelling System (GAMS Version 24.6) and solved by the CPLEX solver.
Equation (1) describes the objective of the cost minimization model, which is to minimize the discounted system cost of the urban electricity system. The decision variables of the model are Q t ( ), the electricity generation capacity expanded in year t in MW and G t ( ), the active electricity generation capacity in year t in MW. We suppress technology and district subscripts here to ease notation. The cost variables in the objective function at the right-hand side of Equation (1) are all determined by the decision variables.
NPV is the net present value of urban energy system cost in M€; t is time in years; T 0 is the start of the investment time horizon; T is the end of the investment time horizon; ρ is the discount rate; C t 
where α v ( )
is the unit investment cost of technology i of vintage v in district r in M€/MW; and Q v ( )
is the expanded electricity generation capacity of technology i of vintage v in district r in MW.
The O & M cost function is given by 
where β t ( )
is the total installed capacity of technology i of vintage v in period t in district r in MW; γ t ( )
is the unit variable O & M cost of electricity generation technology i of vintage v in period t in district r in M€/MWh; l τ is the length of time slices in hours; G t ( )
is the active capacity of technology i of vintage v in time slice τ in period t in MW in district r. This equation calculates the sum of fixed O & M cost and variable O & M cost. As we consider a city system, transmission and distribution costs are ignored in our model.
The fuel cost function is given by
is the fuel f price in period t in M€/GJ; and P t ( )
is the primary energy consumption of technology j of vintage v that uses fuel f in time slice τ in period t in district r in GJ.
The trade cost function is given by
where pi t ( ) is the import price of electricity in period t in M€/MWh;
is the imported electricity from outside of the city territory into district r in time slice τ in period t in MWh; po t ( ) is the export price of electricity in year
is the exported electricity from district r to outside of the city territory in time slice τ in period t with unit MWh. This equation calculates the positive or negative net income of trading electricity in the city.
The electricity supply and demand balance equation is given by
where
is the power load in the city in time slice τ in period t in MW.
The fuel consumption equation is given by
is the fuel conversion efficiency (
) of technology j of vintage v that consumes fuel f; ε is the unit conversion scalar to convert electricity consumption (MWh) to fuel consumption (GJ) and has a value of 3.6. Fuel conversion efficiency is defined as the total delivery of electricity to the grid divided by the fuel consumption.
The capacity constraint equation is given by
where w i τ ( , ) is the availability factor (
) of technology i in time slice τ. This equation introduces the constraint for each energy generation technology of each vintage.
The GHG emission equation is given by
where E r t e ( , , ) is the quantity emitted of pollutant e in district r in period t in kt; ζ i e ( , ) is the emission coefficient in kt/MWh. The emission coefficient uses the results of life cycle assessment of various energy technologies.
In one of the scenarios we introduce a CO 2 emission target. The emission constraint equation is given by
r R max (10) where E t e ( , ) max is the emission ceiling of emission type e (e.g. CO 2 emission in our case study) in kt.
Capacity degradation varies by vintage and develops as follows: 
( , , ) 0
is equal to the capacity invested,
. Installed capacity at the start of the planning horizon is given.
Case study and data collection
Amsterdam, the capital of the Netherlands, is selected as the city for our case study, as the city is pursuing to become a sustainable, selfsufficient and climate-resilient city [34] . In 2015, Amsterdam had a population of 821 752 [35] . It is located 52.3702°N, 4.8952°E, and has a temperate maritime climate. The city has set ambitious goals in reducing GHG emissions. In addition, it aims at increasing the amount of renewable energy production per capita with 20% relative to 2013 by 2020 by producing more wind and solar energy [34] .
In this paper, we assume that the electricity system for Amsterdam is isolated from its surrounding electricity network and operated in an island mode. This specific setting reflects the vision and the local determination of the city of Amsterdam to become energy self-sufficient in the future. This specific setting is also useful to many other cities, such as Barcelona, that are taking steps towards energy self-sufficiency. Selfsufficiency is a political issue emerging as a key energy policy goal as it would help reduce electricity transmission loss, improve local electricity supply security, stimulate the local economy, and strengthen the local control of energy production, which gives all stakeholders a stronger local identity.
The data of the electricity demand, with a temporal resolution of 15 min, were obtained from Alliander, a Dutch energy network company. These electricity demand data are from two transformer stations in Amsterdam and do not represent the total electricity demand of the whole city. The total electricity demand of Amsterdam in 2014 was therefore collected to scale up the electricity demand data from the two transformer stations to the whole city. A scaling coefficient was obtained by dividing the total electricity demand in 2014 by the sum of the electricity demand of the two transformer stations in 2014. Then the scaling coefficient was used to scale up the electricity demand data from two transformer stations to the city scale, assuming that the pattern of the two transformer stations are representative for the city. In further studies this assumption can be relaxed if more detailed energy demand data are available. Based on the demand pattern, 24 time slices are used in a year to represent the temporal dynamics.
Energy technologies selected include pulverized coal, natural gas based combined cycle gas turbine (CCGT), onshore wind turbines, and solar PV. The techno-economic details of these technologies that are used as the model inputs are shown in Table S1 in the supplementary material. The projected fuel cost is shown in Table S2 . Our model allows for cost decreases for new vintages through exogenous learning. The parameters affected by the learning effect are the unit investment cost for each electricity generation technology in this case study (see Equation (2)). They are calculated by
, where CR i ( ) indicates the relative cost reduction per vintage for technology i.
In this study, flexible biogas supply is selected to represent the flexible bioenergy technology as back-up capacity. Instead of biogas, it is also feasible to use solid biomass and liquid biofuels [36] . The benefit of using biogas compared with using other back-up renewable electricity sources is cost saving as existing natural gas pipelines in the city infrastructure to transport biogas to the power plant can be used. This choice still requires a certain level of biogas cleaning and upgrading with corresponding costs. Sun et al. (2015) recently reviewed the stateof-the-art of the biogas cleaning and upgrading technologies and the associated costs [37] . We assume a 36% efficiency rate to represent the performance of biomass gasification technology [38, 39] .
Apart from studying the back-up capacity, the storage of the surplus electricity produced by wind and solar energy on an extreme weather day is also considered. The emerging power-to-gas technology is selected for storage of electricity on those extreme weather days.
In order to compare the potential supply of bioenergy from the urban waste stream with the estimated demand, we collected data about organic waste flows in Amsterdam from AEB, a waste-to-energy company in Amsterdam. The share of organic waste in the total waste flow is 36% [40] . We use a HHV of 7.65 GJ/t to calculate the potential energy in the waste biomass [41] . Currently, a part of the waste biomass is also used for heat generation. The share of the waste biomass that goes into electricity production is assumed to be 30%, based on literature [42] . Furthermore, the waste biomass data that we collect do not cover all the waste biomass in the city. Some waste biomass (e.g. food waste) is currently not fully collected in Amsterdam. A discussion of the effect of waste policy on waste biomass quantity is presented in Section 6.
Scenarios
We used our urban electricity system model to find the optimal electricity generation configuration for three different scenarios. These scenarios allow us to analyse the effect of different climate and energy policy goals on the potential for waste biomass in the electricity system of cities. The policies of Amsterdam are used for illustration purposes.
The benchmark scenario is developed to present the electricity generation configurations in Amsterdam in the absence of climate and energy policies. The presently existing wind and solar energy capacities are small compared to the other generation capacities. In this scenario, there will be no investment in wind and solar energy due to relatively high costs and lack of investment incentives. Therefore, the presently existing wind and solar energy capacities are ignored for simplicity.
Although there is an energy conservation program in Amsterdam, the increasing electrification, due to the penetration of heat pumps and electric vehicles, population growth [43] and rebound effects [44] , may lead to an increase in electricity demand. Considering the large uncertainties associated with the future electricity demand in Amsterdam, it is assumed that the electricity demand will be constant until 2050 in all three scenarios. This assumption will be relaxed in a sensitivity analysis.
The CAP scenario was developed to compute the electricity generation configuration in the presence of a city-level cap on CO 2 emissions. The city of Amsterdam has set a goal of emitting 40 and 75% less CO 2 by 2025 and 2040, respectively, compared to the 1990 level [34] . The emission reduction goal for the electricity sector is usually more ambitious than the economy wide objective. For example, a GHG emission reduction of 80% for 2050 would imply an emission reduction of 93-99% for the EU electricity sector [45] . Therefore, the CO 2 emission reduction goal of the Amsterdam electricity system is assumed to be more ambitious than the general goal stated in the agenda of the Municipality of Amsterdam [34] . The official agenda of Amsterdam only mentioned the emission reduction goals for 2025 and 2040. Since the time horizon in this study is until 2050, we assume that the goal in 2050 is higher than that in 2040 based on the trend of Dutch national policy targets. The Dutch national targets are to reduce GHG emission by at least 40% by 2030 and by 80-95% by 2050 [46] . The specific assumptions on emission reduction goals in the CAP scenario are presented in Table 1 .
The RES scenario was developed to present the electricity generation configuration under the influence of the ambition to increase the capacity of renewable energy in Amsterdam. The official agenda in Amsterdam [34] specified an energy policy goal of increasing renewable energy capacity in the city until 2040, which is also shown in Table 1 . In this paper, the policy-driven Solar-PV capacity in 2050 is
Biomass and Bioenergy 107 (2017) [182] [183] [184] [185] [186] [187] [188] [189] [190] assumed to be the technical potential of solar energy in Amsterdam, which is 1300 MW [34] . Since no data have been found on the technical potential of wind energy capacity in 2050 and considering the limited space for building wind turbines in Amsterdam, the policydriven wind turbine capacity in 2050 is assumed to be the same as in 2040. Table 1 summarizes the characteristics of the three scenarios.
Results
In this section, we first present the constrained cost-minimizing electricity generation configurations for the three scenarios. Subsequently the results for the demand for bioenergy back-up capacity on extreme weather days are presented. This is followed by the results of monthly requirements for back-up capacity in a whole year and the comparison with potential supply from the urban waste stream.
Future electricity generation configurations
Fig. S1 in the supplementary material shows the electricity generation configuration in the benchmark scenario. In this scenario, the urban electricity system is planned based on the cost minimization principle without consideration of environmental aspects or the policy goal of increasing the use of wind and solar energy.
As shown in Fig. S1 (a) , initially there is overcapacity in the system because our model considers the existing capacity of the coal (630 MW) and CCGT (435 MW) in Amsterdam. The phenomenon of overcapacity in the city of Amsterdam is also stated in a report by energy company Nuon [47] . The installed capacities of coal and CCGT are almost the same. As shown in Fig. S1 (b) , coal power generation is functioning as baseload, and CCGT power generation is functioning as peakload. Fig. 2 (a) and Fig. 2 (b) show the electricity generation configuration in the CAP scenario. Installed capacity of Solar-PV is zero in this scenario. This can be explained by the high investment cost of Solar-PV, in the absence of subsidies. The share of wind turbines in the system increases over time, which is driven by the CO 2 emission reduction target. Its share in total installed capacity grows from 45% in 2025 to 81% in 2050. The generation share of wind energy increases to 95% in 2050 in Fig. 2 (b) . Coal energy is phased out by 2030. Fig. 2(c) and (d) show the electricity generation configuration for the RES scenario. In this scenario policy targets impose minimum capacity for solar and wind energy. The installed capacity of Solar-PV takes a 53% share of total installed capacity in 2050. However, the generation share of Solar-PV in 2050 is only 23%. This is due to the fact that the solar irradiance in Amsterdam is low and hence the capacity factor of the Solar-PV is low as well, with an average value of 9%. The capacity factor is defined as the ratio of an energy generation technology's actual electricity output over a period of time to its potential output if it operates at a full capacity continuously over the same period of time. The capacity factor is calculated using the meteorological data in the region of Amsterdam. We use the method in Haller et al. [48] to convert the meteorological data into the capacity factor.
Demand for bioenergy back-up capacity on extreme weather days
In order to explore the demand for bioenergy back-up capacity on a day with extreme weather conditions, we developed two extreme weather scenarios for each season. The assumptions for the extreme values of wind speed and solar irradiance are based on historical meteorological data from 2005 to 2015 from the Schiphol weather station in Amsterdam [49] . The electricity generation configurations from section 5.1 are used here for the simulation. Winter days have the highest demand for back-up capacity, therefore only the results of the winter season are presented here, the results of other three seasons can be found in the supplementary materials. Fig. 3 (a) and Fig. 3 (b) show the hourly power flow in the extreme weather scenarios on a winter day in the CAP scenario. Fig. 3 (a) shows the situation of a winter day with extremely strong wind and solar irradiance, but a low demand for electricity. The result of the power-togas conversion shows that there is a large excess of electricity in the system. Assuming a power-to-gas technology efficiency of 55% [50] , a total of 0.1 PJ can be stored. Fig. 3 (b) shows the situation of a winter day with extremely low wind and solar irradiance, but a high demand for electricity. As can be seen from the demand for biogas, a total of 0.021 PJ net bioenergy is required as flexible back-up supply. Fig. 3 (c) and Fig. 3 (d) show the hourly power flow in the extreme weather scenarios on a winter day in the RES scenario. Fig. 3 (c) shows the situation of a winter day with extremely strong wind and solar irradiance, but a low demand for electricity. As in the CAP scenario, the result of the power-to-gas conversion shows that there is also a large excess of electricity in the system. A total of 0.053 PJ energy can be stored by power-to-gas technology. Fig. 3 (d) shows the situation of a winter day with extremely low wind and solar irradiance, but a high demand for electricity. The result shows that there is a total of about 0.002 PJ excess electricity from midnight to 6 a.m. After 6 a.m., there is a requirement for a total of about 0.01 PJ biogas back-up capacity in the system.
To cover the biogas supply using urban waste, an extreme weather day in 2050 requires about 2800 tonne waste biomass per day in the CAP scenario and 1300 tonne waste biomass per day in the RES scenario, respectively. The average daily waste biomass generated in Amsterdam is about 1400 tonne [51] . This implies that import or storage of waste biomass is necessary for the CAP scenario. The demand for waste biomass in the RES scenario can be self-sufficient in the city.
Comparing monthly bioenergy demand and supply
Section 5.2 presented bioenergy demand and supply on extreme weather days. In this section we analyse the monthly bioenergy demand and supply. We use data from 2014, the latest year for which relevant data are available for our simulation. Since the temporal resolution of the waste flow data is monthly, the estimated demand for biogas backup capacity is aggregated to the monthly level to compare demand and supply.
As shown in Fig. 4 , the estimated demand for the bioenergy back-up capacity in the CAP scenario (panel (a), dashed and dotted lines for 2030 and 2050, respectively) is found to be much higher than that in the RES scenario (panel (b)), both for the 2030 and 2050 energy system configurations. This can be explained by the wind and solar resource synergy (e.g. Ref. [52] ). Since wind and solar energy complement each other, the system needs less back-up capacity in the RES scenario, in which both technologies are installed, as compared to the CAP scenario, in which only wind turbines are installed and the complementarity between the wind and solar energy does not exist. Moreover, as the 2050 configuration has a higher renewable energy capacity share than the 2030 configuration, it can be concluded that when the intermittent renewable energy capacity increases in the system, the demand for the back-up capacity also increases. The demand and supply curves for bioenergy intertwine with each other and fluctuate. To provide a stable supply of bioenergy from waste, bioenergy storage is needed as a buffer to meet the electricity demand when the supply is lower than demand, as shown in Fig. 4 .
Sensitivity analysis
Due to the high uncertainties associated with the cost parameters of the wind and solar energy technologies and the electricity demand trend, a sensitivity analysis is conducted by varying the parameters of the unit investment cost of the wind-turbine and Solar-PV technologies, and the annual growth rate of the electricity demand in the CAP scenario. CAP scenario is selected because the model results are affected more significantly by the cost parameters and demand growth rate in the CAP scenario than in the RES scenario. The range of the variation of the cost parameters are based on [53] and the range of the variation of the demand rate is based on own assumptions.
As shown in Fig. S2 (a) in the supplementary material, the required bioenergy increases when the unit investment cost of the wind-turbine technology is low. This is reasonable because an increase in the capacity of the wind-turbine is expected when the unit investment cost is low, which results in a higher demand for back-up capacity. When the unit investment cost of Solar-PV is very low, it is expected that the capacity of the Solar-PV will increase in the system. Solar energy can then to a large extent back-up wind energy. Therefore, as shown in Fig. S2 (b) , the required bioenergy sharply drops when the unit investment cost of the Solar-PV becomes smaller than 0.453 M€/MW. As shown in Fig. S2  (c) , when the electricity demand growth rate increases, the required bioenergy also increases. This is because a higher back-up capacity is 
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Biomass and Bioenergy 107 (2017) [182] [183] [184] [185] [186] [187] [188] [189] [190] needed when both the electricity demand and the intermittent renewable energy capacity in the system are high.
Discussion
We calculated the theoretical potential supply of bioenergy from an urban waste stream, and evaluated whether this potential supply could meet the demand for back-up capacity in different scenarios. However, the economic aspect of waste biomass energy is not included in the analysis. Here we provide a discussion on the cost and benefit of the flexible biogas supply from urban waste biomass. The levelized cost of electricity (LCOE) is used as an economic indicator. We collected data from the literature and report them expressed in euros in constant values for 2016. The LCOE of a biogas plant with the flexible energy supply ((0.158-0.269) €/kWh) is lower than that of a battery system (above 0.2 €/kWh), but not as low as that of a natural gas system ((0.075-0.098) €/kWh) in the Netherlands [54] [55] [56] [57] [58] . The LCOE of flexible biogas supply using urban waste biomass is highly influenced by the waste pretreatment cost, storage cost and full load hours. Due to the heterogeneous nature of the waste biomass, a pretreatment such as grinding for particle size reduction, separation for contaminants removal and alkali treatment is needed for efficient biogas production [59] . Waste pretreatment leads to extra cost compared with homogeneous substrates, but the homogeneous biomass feedstock costs (80-150) €/t [60] . Hence, the urban waste as a biomass feedstock can be cost competitive compared with a homogeneous biomass feedstock. Ariunbaatar et al. [61] suggested that the best options for waste biomass pretreatment are thermal pretreatment at low temperatures and two-stage anaerobic digestion. Making existing biogas plants more flexible will increase costs due to required larger storage capacities and reduced full-load hours [62, 63] . Compared to non-flexible electricity generation, the flexibilization of biogas plants leads to further costs amounting to (0.020-0.050) €/kWh [58] .
However, the extra costs mentioned previously can be compensated by the waste gate fee, which is about (15-60) €/t in the Netherlands [60] ; by a renewable energy support mechanism such as feed-in premium, which is 0.055 €/kWh in 2016 under the subsidy scheme SDE+ in the Netherlands; by selling the digestate as a fertilizer; and by avoiding the external cost from using natural gas. Furthermore, future policy measures that incentivize the flexible biogas supply could financially compensate the extra cost incurred by changing the operation mode of the biogas plant.
In this study we used historical data to represent the potential supply of the bioenergy from the waste stream. By doing this, we assumed that the waste generation will not change in the time frame from 2010 to 2050. However, waste generation can change under different policy drivers. Studies have shown that the decoupling of waste generation from economic growth is far from being reached in Europe [64, 65] , which implies that the increasing urbanization and economic growth will most likely lead to an increased waste generation. But on the other hand, waste prevention policy such as increasing efforts on food waste prevention may reduce the generation of waste biomass in the cities. Given these uncertainties, in further studies a quantitative forecasting of future urban waste biomass is needed, including explicit policy and technology scenarios.
Conclusion
This study is driven by three main questions: (1) What are the future electricity generation configurations in Amsterdam in 2050 with and without policy interventions? (2) What is the demand for back-up capacity in the urban electricity system of Amsterdam in 2050? (3) How much of this back-up capacity can be obtained from the urban waste stream in the city?
• We find that, in the absence of climate and energy policy targets, renewable energy is dominated by conventional energy in the urban electricity system. In the CAP scenario, in which we cap CO 2 emissions, coal-fired power plants are phased out by 2030 while the wind energy capacity increases from 45% in 2025 to 81% in 2050 and the generation share of wind increases to 95% in 2050. In the RES scenario, in which we impose a target on installed capacity for wind and solar, the generation share of the Solar-PV is found to be low despite its high share in the installed capacity because of its low capacity factor.
• Our main finding is that on extreme weather days in 2050 with hardly any wind and solar energy supply, about 2800 tonne waste biomass per day is required in the CAP scenario to back up the intermittent renewable electricity using urban waste. In the RES scenario 1300 tonne waste biomass per day is required. The average daily waste biomass generated in the city of Amsterdam is about 1400 tonne [51] . This implies that import or storage of waste biomass is necessary for the CAP scenario. The demand for waste biomass in the RES scenario can be self-sufficient in the city.
• Analysis from the comparison of monthly demand and supply of bioenergy shows that the demand for the bioenergy back-up capacity in the CAP scenario is higher than that in the RES scenario due to the synergies of wind and solar energy in the RES scenario.
Our analysis has shown that the flexible bioenergy supply from the urban waste stream has a high potential in backing up intermittent renewable energy in cities. The methodological framework and analysis presented in this paper can support policy-makers in exploring the potential of bioenergy from urban waste streams in balancing the future sustainable urban electricity system and avoiding inconsistencies between urban bioenergy policy ambitions and local biomass availability.
